The enzyme AHAS (acetohydroxy acid synthase), which is involved in the biosynthesis of valine, leucine and isoleucine, is the target of several classes of herbicides. A model of tobacco AHAS was generated based on the X-ray structure of yeast AHAS. Well conserved residues at the herbicide-binding site were identified, and the roles of three of these residues (Phe-205, Val-570 and Phe-577) were determined by site-directed mutagenesis. The Phe-205 mutants F205A, F205H, F205W and F205Y showed markedly decreased levels of catalytic efficiency, and crossresistance to two or three classes of herbicides, i.e. Londax (a sulphonylurea herbicide), Cadre (an imidazolinone herbicide) and TP (a triazolopyrimidine derivative). None of the mutations caused significant changes in the secondary or tertiary structure of the enzyme. Four mutants of Phe-577, i.e. F577D, F577E, F577K and F577R, showed unaltered V max values, but substantially decreased catalytic efficiency. However, these mutants were highly resistant to two or three of the tested herbicides. The three mutants F577D, F577E and F577R had a similar secondary structure to that of wild-type AHAS. Conservative mutations of Phe-577, i.e. F577W and F577Y, did not affect the kinetic properties of the enzyme or its inhibition by herbicides. The mutation Val-570 to Asn abolished the binding affinity of the enzyme for FAD as well as its activity, and also caused a change in the tertiary structure of AHAS. However, the mutant V570Q was active, but resistant to two classes of herbicides, i.e. Londax and TP. The conservative mutant V570I was substantially reduced in catalytic efficiency and moderately resistant to the three herbicides. The results of this study suggest that residues Phe-205, Val-570 and Phe-577 in tobacco AHAS are located at or near the binding site that is common for the three classes of herbicides. In addition, Phe-205 and Val-570 are probably located at the herbicide-binding site that may overlap partially with the active site. Selected mutants of Phe-577 are expected to be utilized to construct herbicide-resistant transgenic plants.
INTRODUCTION
The first enzymic step common to the biosynthesis of branchedchain amino acids is catalysed by AHAS [acetohydroxy acid synthase; EC 2.2.1.6 (formerly EC 4.1.3.18; also known as acetolactate synthase)]. The enzyme catalyses two parallel reactions: the condensation of two molecules of pyruvate to give rise to 2-acetolactate in the first step of the valine and leucine synthetic pathway, and the condensation of pyruvate and 2-oxobutyrate to yield 2-aceto-2-hydroxybutyrate in the second step of isoleucine biosynthesis [1, 2] . AHAS is a key regulatory enzyme for levels of branched-chain amino acids in both prokaryotes and eukaryotes. Control involves feedback inhibition of the enzyme activity by end-product amino acids, or repression of the biosynthesis of the enzyme [1] . AHAS requires three cofactors for its catalytic activity: TPP (thiamine pyrophosphate), FAD and bivalent metal ions (Mg 2+ or Mn 2+ ) [3] . AHAS activity is found in bacteria, yeast and plants. Three bacterial AHAS isoenzymes have been purified and studied extensively with respect to their genetic regulation, kinetic properties, feedback regulation and sensitivity to herbicidal inhibitors [4 -8] . However, the structure and enzymic properties of AHAS from eukaryotes have not been well characterized, since the purification of AHAS from eukaryotes is difficult due to its extreme instability and very low abundance [1] . A number of AHAS genes from plants, including Arabidopsis thaliana [9] , Brassica napus [10] , Gossypium hirsutum [11] , Nicotina tabacum (tobacco) [9] , Zea mays [12] and Xanthium sp. [13] , have been cloned and characterized. AHAS genes from A. thaliana [14] and tobacco [15] have been functionally expressed in Escherichia coli, and each of the enzymes has been purified.
AHAS has attracted much recent interest since it was found to be the target of several classes of modern and potent herbicides, including the sulphonylureas [16, 17] , the imidazolinones [18] and the triazolopyrimidines [19, 20] . The AHAS-inhibiting herbicides do not compete with the substrates, the cofactors or the feedback inhibitors, and thus the inhibition mechanism is complex [1] . However, the molecular basis for most of the characterized herbicide resistance is simply due to a change in a single amino acid residue from the wild-type AHAS sequence. The various herbicide-resistant mutants from plants have been obtained by spontaneous mutation under field conditions and by site-directed mutation based on structural models and homology searches of AHAS (summarized in [1] ). The most common natural mutations in plants involve the residues Ala-121, Pro-187, Pro-196, Trp-573 and Ser-652 (N. tabacum numbering) [1] . Site-directed mutagenesis studies on tobacco AHAS in our laboratory revealed that Trp-573 [21] , Ala-121 and Ser-652 [22] , His-351 [23] , Lys-255 [24] , and Met-350 and Met-569 [25] are probably located at the herbicide-binding site. More recently, crystallization and preliminary X-ray diffraction analysis of the catalytic subunit of yeast AHAS have been reported [26, 27] .
Alignment of the tobacco and yeast AHAS sequences revealed 41 % and 63 % sequence identity and similarity respectively. Thus we carried out homology modelling of the catalytic subunit of tobacco AHAS based on the X-ray structure of yeast AHAS using Deep View, and remote automatic modelling with SwissModel server [28, 29] . The three residues Phe-205, Val-570 and Phe-577 were highly conserved among 39 AHAS sequences of 33 species, and were located at the herbicide-binding site in the model. Accordingly, we carried out site-directed mutagenesis of these three residues and analysed the effects of the mutations on the enzymic properties, the inhibition by herbicides and the structure of the enzyme. In turn, the site-directed mutagenesis data may indicate whether our constructed model is reliable.
MATERIALS AND METHODS

Materials
LB (Luria-Bertani) broth-Miller and LB agar-Miller were purchased from Difco Laboratories (Detroit, MI, U.S.A.). Restriction enzymes were purchased from Roche Co. (Mannheim, Germany). GSH, Sephadex G-25, TPP, FAD, α-naphthol and creatine were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Thrombin protease and epoxy-activated Sepharose 6B were obtained from Pharmacia Biotech (Uppsala, Sweden). E. coli XL1-Blue cells containing the expression vector pGEX-AHAS were provided by Dr Soo-Ik Chang (Chungbuk National University, Cheongju, Korea). Oligonucleotides were obtained from Genotech (Taejon, Korea). Londax (a sulphonylurea herbicide) and Cadre (an imidazolinone herbicide) were provided by Dr DaeWhang Kim (Korea Research Institute of Chemical Technology, Taejon, Korea). TP, a triazolopyrimidine derivative, was obtained from Dr. Sung-Keon Namgoong (Seoul Women's University, Seoul, Korea).
Homology modelling of the tobacco AHAS catalytic subunit
AHAS sequences from tobacco and yeast were aligned using the BioEdit program [30] . A stretch of 92 N-terminal amino acid residues of tobacco AHAS (corresponding to the transit peptide) were removed, and the resulting sequence was fitted on the X-ray of structure of yeast AHAS using Deep View. The resulting alignment was examined manually and then submitted for automatic modelling to the Swiss-Model server [28, 29] . Using this approach, a model of a single catalytic subunit of tobacco AHAS was successfully obtained. The modelling job was then carried out using the oligomer modelling approach as described on the Swiss-Model website (http://swissmodel.expasy.org). Homodimer models of tobacco AHAS were obtained. A single round of energy minimization was done with the GROMOS96 implemented on Deep View. Structural illustrations were created from co-ordinate files with Deep View [29] and the Molw PDB Viewer 4.0 with Showcase (http://www.molimage.com).
Multiple sequence alignment of AHAS genes
We aligned the sequences of 39 AHAS enzymes from 33 species using the Clustal W program [31] , which was integrated into the BioEdit software [30] provided by North Carolina State University (Figure 1 ). The data set consisted of AHAS sequences from following species (GenBank accession numbers are given in parentheses): Amaranthus powellii (AAK50821), Amaranthus retroflexus (AAK50820), Amaranthus sp. (AAB67839), Arabidopsis thaliana (P17597), Brassica napus (P27818, P14874 and P27819), Bassia scoparia (AAC69629), Cyanidium calda- 
Site-directed mutagenesis
Site-directed mutagenesis of tobacco AHAS was performed directly on the plasmid derived from pGEX-2T containing tobacco AHAS cDNA, using the PCR megaprimer method [32] . All DNA manipulations were carried out using the technique reported previously [33] . PCR was also performed as described previously [34] . The first PCR was carried out with oligonucleotide primer NKB2 and the relevant mutagenic fragment as internal primers. Primers were as follows (underlined Each reaction mixture contained 100 ng of template DNA, 10 pmol of mutagenic primer, 10 pmol of universal primer NKB2 and 2.5 mM of each dNTP in 100 mM KCl, 200 mM Tris (pH 8.8), 100 mM (NH 4 ) 2 SO 4 , 20 mM MgSO 4 , 1% Triton X-100 and 1 mg/ml acetylated BSA in 50 µl. Each reaction was performed for 30 cycles of the following program: 94
• C for 50 s, 58-60
• C for 1 min and 72
• C for 1 min. The resulting DNA was subjected to a second PCR with the universal primer NKB1. The reaction for the second PCR was performed for 30 cycles of the following program: 94
• C for 55 s, 56
• C for 90 s. The PCR products were double-digested with NcoI and BglII and cloned into the expression vector, which was prepared from NcoI/BglII-excised pGEX-wAHAS (where wAHAS is wildtype AHAS). The resulting pGEX-mAHAS (where mAHAS is mutant AHAS) was used to transform E. coli XL1-Blue cells using standard CaCl 2 transformation instructions [33] .
DNA sequence analysis
Each transformant was sequenced to ensure the presence of the correct base mutation in the mutant AHAS gene. DNA sequencing was carried out with primer SSP1 (5 -GGA TCC ATG TCCACT ACC CAA-3 ) or SSP3 (5 -GGC GTT ACA GGG TTT GAA TTC G-3 ) by Macrogen Co. (Seoul, Korea).
Expression and purification of tobacco wAHAS and mAHAS
Bacterial strains of E. coli BL21-DE3 cells containing the expression vector pGEX-AHAS were grown at 37
• C in LB medium containing 50 µg/ml ampicillin to a D 600 of 0.7-0.8. Expression of pGEX-AHAS was induced by adding 0.3 mM isopropyl β-D-thiogalactoside. Cells were grown for an additional 3-4 h at 30
• C, and then harvested by centrifugation at 5000 g for 30 min. Purification of wAHAS and mAHAS was carried out as described previously by Chang et al. [15] . The isolated protein was identified by SDS/PAGE analysis [35] , and the protein concentration was determined by the method of Bradford [36] .
Enzyme assay and determination of kinetic parameters
Enzyme activities of purified wAHAS and mAHAS were measured according to the method of Westerfeld [37] with a modification as reported previously [38] . The reaction mixture contained 20 mM potassium phosphate buffer (pH 7.5), 0.4 mM TPP, 4 mM MgCl 2 , 8 µM FAD, 40 mM pyruvate and the enzyme in the absence or presence of various concentrations of inhibitors.
The values of V max and K m for the substrate were determined by fitting the data into eqn (1), while the values of K c were obtained by fitting the data into eqn (2), by the non-linear least-squares and Simplex methods for error minimization [39] :
In these equations, v is the reaction velocity, V max is the maximum velocity, V 0 is the activity without adding cofactors (due to the trace of cofactors present in the enzyme solution), 
In this equation, v i and v 0 represent the rate in the presence and absence of the inhibitor respectively, and [I] is the inhibitor concentration. K i app is the apparent K i , i.e. the concentration of the inhibitor giving 50 % inhibition under standard assay conditions (also known as the IC 50 ).
Spectroscopic measurements
Absorption spectra were recorded on a Beckman DU-650 spectrophotometer. The protein solution was dispensed in a 1 ml blackwalled quartz cuvette, and the spectrum of each sample was scanned over the range 250-550 nm. Fluorescence emission spectra were recorded with a Hitachi F-3000 fluorescence spectrophotometer. The fluorescence spectra of FAD bound to wAHAS and mAHAS were scanned over the range 450-700 nm by exciting at 370 nm. The CD spectra were recorded over the range 190-250 nm or 240-320 nm on a Jasco J-710 spectropolarimeter set at 20-50 mdeg sensitivity, 0.2 nm resolution, 3 units accumulation, 1 s response, and a scanning speed of 20 nm/min. A protein solution of 0.25-0.50 mg/ml was assayed in a 1 mm path-length cylindrical quartz cell or a 20 mm path-length cylindrical quartz cell.
RESULTS
Multiple sequence alignment and homology modelling
A total of 39 AHAS sequences from 33 species were aligned using Clustal W [31] implemented within BioEdit software [30] . It was observed that the three residues Phe-205, Val-570 and Phe-577 (tobacco AHAS numbering) were highly conserved among 39 AHAS sequences (Figure 1 ). Pairwise alignment of tobacco AHAS and yeast AHAS for homology modelling revealed 41 % and 63 % sequence identity and similarity respectively. Thus a homology model of tobacco AHAS was constructed based on the X-ray structure of yeast AHAS using Deep View and the SwissModel server [28, 29] . The homology model was shown to be reliable by its Ramachandran plot (results not shown), its RMS (root mean square) Z-score (results not shown) and a pairwise RMSD (root mean square distance) value of 0.86Ǻ when the tobacco AHAS model was superimposed on the yeast AHAS structure (results not shown).
Prediction of amino acid residues at the herbicide-binding site
Based on the homology model, seven residues of monomer A and 11 residues of monomer B are located within 5Ǻ of the putative binding site for a sulphonylurea, chlorimuron ethyl (Figure 2 ; other six residues not shown). Of these, His-351 [23] , Met-350, Met-569 [25] and Trp-573 [21] of monomer A, and Ala-121 [22] , Pro-196 [1] and Lys-255 [24] of monomer B, have been reported to be involved in the binding of herbicides, as indicated by sitedirected mutagenesis experiments. In the present study, the three residues Phe-205, Val-570 and Phe-577, which are well conserved and predicted to be at the herbicide-binding site, were subjected to site-directed mutagenesis.
Expression and purification of tobacco AHAS
All mutants were expressed as soluble proteins and purified to homogeneity by two steps of affinity chromatography, which employed a GSH-coupled Sepharose 6B column (see the Materials and methods section for details). The expression profiles of the mutants were similar to that of the wild type, and the SDS/PAGE data showed that all mutants had the same molecular mass (65 kDa) as the wild-type enzyme (results not shown).
Phe-205 mutants of AHAS
The mutants and wild-type enzyme were characterized with respect to their kinetic properties and K i app values for three herbicides: Londax (a sulphonylurea), Cadre (an imidazolinone) and TP (a triazolopyrimidine) ( Table 1 ). The structures of the three herbicides are shown in Figure 3 . The substrate and cofactor saturation curves for wAHAS and the mutants F205A, F205H, F205W and F205Y were hyperbolic (results not shown), as reported previously for wAHAS [13] . Table 1 shows the values of V max , K m and V max /K m for the substrate, K c for the cofactors, and K i app for inhibition by herbicides. Mutation of Phe-205 resulted in greatly decreased enzymic activity. The V max values of F205A, F205H, F205W and F205Y were 0.015, 0.43, 0.06 and 0.56 unit/mg respectively, values that are approx. 4-100-fold lower than that of wAHAS. The K m values for pyruvate and K c values for FAD of the Phe-205 mutants were not significantly different from those of wAHAS. However, the K c for TPP of F205W was greatly decreased, while the values of F205A, F205H and F205Y were similar to that of wAHAS ( Table 1) .
The sensitivities of the Phe-205 mutants to herbicides were determined for three classes of herbicides. These herbicides, i.e. Londax, Cadre and TP, are very potent inhibitors of wAHAS, with K i app values of 26 nM, 2 µM and 16 µM respectively (Table 1) . F205H mutant showed strong resistance to all three herbicides. The F205A mutant was cross-resistant to Londax and Cadre, while F205W and F205Y were strongly cross-resistant to Londax/Cadre and Londax/TP respectively (Table 1 and Figures 4A-4C) .
The secondary structure of a protein can be determined by its CD spectrum in the far-UV region (190-250 nm). At these wavelengths, the chromophore is the peptide bond, and the signal arises when it is located in a regular, folded environment [40] . When the CD spectra of the Phe-205 mutants in the far-UV region were compared with that of wAHAS, as shown in Figure 5 (A) (and results not shown), the spectra of the Phe-205 mutants overlapped almost completely with that of wAHAS, indicating that no substantial change had occurred in the secondary structure caused by the mutations. The CD spectrum of a protein in the near-UV spectral region (250-350 nm) is sensitive to certain aspects of tertiary structure [40] . At these wavelengths, the chromophores are aromatic amino acids and disulphide bonds, and the CD signals are sensitive to the overall tertiary structure of the protein [40] . Figure 5 (B) (and results not shown) shows that the CD spectra of the Phe-205 mutants in the near-UV region overlapped almost completely with that of wAHAS. Thus the tertiary structure around the aromatic amino acid residues, including the herbicidebinding site, appeared to have changed little in the mAHAS enzymes. Taken together, the results suggest that the binding sites for the three classes of herbicides overlap partially, and that residue Phe-205 is located at the binding site common to the three herbicides.
Further, the binding site probably overlaps partially with the active site.
Phe-577 mutants
The Phe-577 mutants in which an uncharged amino acid was introduced, such as F577I, F577W and F577Y, were similar to wild-type AHAS with respect to the kinetic parameters for substrate and cofactors, and K i app values for the herbicides (Table 1) . Although the mutants containing charged amino acids, such as F577D, F577E, F577K and F577R, were similar to wAHAS with regard to maximum enzymic activity, their catalytic efficiencies (V max /K m ) were reduced substantially by a 4-63-fold ( Table 1) . The values of K m and K c for F577K and F577R, but not those of F577D and F577E, were markedly different from those of wAHAS (Table 1 ). The CD spectra of Phe-577 mutants in the far-UV spectral region were almost identical with that of the wild type ( Figure 6 and results not shown). The CD spectra of F577D and F577R in the near-UV region overlapped completely with that of wAHAS ( Figure 6B ). However, the CD spectrum peak of F577E in the near-UV region was shifted from 265 to 276 nm. The inhibition of the Phe-577 mutants by three classes of herbicides showed differing cross-resistance profiles. F577D was strongly resistant to all three herbicides, while F577E showed strong cross-resistance to Londax and TP, and F577K and F577R were insensitive to Londax and Cadre (Table 1 , Figures 4D and 4E) . The results imply that Phe-577 is also located at the common binding site for the three herbicides.
Val-570 mutants
Although the V570N mutant of tobacco AHAS was expressed and purified as a soluble protein, it showed no detectable activity under various assay conditions, including much higher concentrations of substrate and cofactors and a longer incubation time. To understand the inactivation mechanism, the binding of the cofactor FAD to V570N mAHAS was determined by spectral measurements. Although the absorption spectrum of FAD bound to wAHAS was not well resolved, two peaks at around 370-390 and 430-470 nm were evident (Figure 7) , as reported previously [21] . In contrast, the spectrum of V570N showed no peak in the region 350-500 nm, superimposed on a background that rose progressively at a shorter wavelength (Figure 7) . The fluorescence emission spectrum of FAD bound to V570N showed no peak around 530 nm on excitation at 370 nm, which is the emission peak of FAD bound to wAHAS (Figure 7, inset) . Both the absorption and fluorescence spectra of V570N indicated that the mutant does not bind the cofactor FAD. The CD spectrum of V570N in the far-UV spectral region nearly overlapped with that of the wild type, but in the near-UV spectral region it showed a shift of the peak from 265 to 276 nm (Figure 8 ). The inactivation of AHAS by the mutation of Val-570 to Asn probably occurred due to loss of binding affinity for FAD. Val-570 is probably involved in the binding of FAD, or a change in tertiary structure due to its mutation to Asn may interfere with the binding of FAD.
In contrast with V570N, the mutant V570Q remained active. The K m value of V570Q was 129.2 mM, which is approx. 18-fold higher than that of wAHAS ( Table 1 ). The K c values of this mutant for FAD and TPP were almost 6-and 9-fold higher respectively than those of wAHAS. The V570Q mutant showed marked resistance to two classes of herbicide, Londax and TP (Table 1 , Figures 4A-4C) . The CD spectra of this mutant overlapped almost completely with those of the wild type in both the far-UV and near-UV spectral regions (Figure 8 ), indicating that neither the secondary nor the tertiary structure was changed by the mutation.
The conservative substitution of Val-570 by Ile resulted in active mutant that displayed moderate changes in sensitivity to the three tested herbicides. However, its K m value was increased and its V max value was decreased compared with wAHAS. The overall catalytic efficiency of the conservative mutant was 30-fold lower than that of the wild-type enzyme.
Overall, the results following mutation of Val-570 suggest that this residue is located at the herbicide-binding site, and that the site may overlap with the active site.
DISCUSSION
Since the first two plant AHAS genes were isolated from Arabidopsis thaliana and Nicotina tabacum using the yeast gene ilv2 [9] , a number of plant AHAS genes have been cloned and characterized [9] [10] [11] [12] [13] . Subsequently it became possible to express the plant genes at a high level using a suitable expression system and to purify the enzyme to homogeneity [14, 15] .
More recently, crystallization and preliminary X-ray diffraction analysis of the catalytic subunit of Saccharomyces cerevisiae AHAS have been reported [26, 27] . A homology model of tobacco AHAS based on the yeast AHAS was constructed using the Swiss-Model server [28, 29] . The homology model of tobacco AHAS was proved to be reliable on the basis of modelling the structure through the Ramachandran plot (results not shown), its RMS Z-score and the pairwise RMSD value of 0.86Ǻ when the tobacco AHAS model was superimposed on the yeast AHAS structure (results not shown).
Using the constructed homology model, seven residues of monomer A and 11 residues of monomer B were identified to be neighbouring residues within 5Ǻ of a bound sulphonylurea, chlorimuron ethyl (Figure 2 ; other six residues not shown). Among these, residues Phe-205, Val-570 and Phe-577 were found to be well conserved, as revealed by multiple sequence alignment of AHASs from 33 species (Figure 1) . Accordingly, the roles of Phe-205, Val-570 and Phe-577 were investigated by site-directed mutagenesis. All mutants of tobacco AHAS were successfully generated and expressed as soluble forms, and purified to homogeneity (results not shown). Each of the mutant enzymes was characterized with respect to its kinetic properties, including V max , K m , V max /K m , K c values for FAD and TPP, and K i app values for the three herbicides Londax, Cadre and TP (Table 1 and Figure 4) .
The mutations of F205A, F205H, F205W and F205Y resulted in greatly decreased catalytic efficiency (Table 1) . On the other hand, the Phe-205 mutants were cross-resistant to two or three of the herbicides Cadre, Londax and TP without changes in either the secondary or tertiary structure (Table 1, Figures 4 and 5 and results not shown). According to the homology model, the binding sites for FAD and herbicides are located close together, and residue Phe-205 is found to be the neighbouring residue of both FAD and herbicide (Figure 2 ). In addition, it was reported previously that the active site and herbicide-binding site of yeast AHAS partially overlap [41] . Therefore Phe-205 is probably located at the common herbicide-binding site which may partially overlap with the active site of AHAS.
The mutant enzymes in which Phe-577 was substituted by a non-charged amino acid showed similar kinetic properties for substrate and cofactors FAD and TPP, and K i app values for the herbicides Cadre, Londax and TP, compared with wAHAS (Table 1) . Though the Phe-577 mutants containing charged amino acids (F577D, F577E, F577K and F577R) showed similar V max values to the wild type, their catalytic efficiencies were decreased substantially by 4-63-fold. However, they were strongly crossresistant to two or three classes of herbicides represented by Cadre, Londax and TP (Table 1, Figure 4 ). Phe-577 is found at an entrance of the herbicide-binding site, and the surroundings of Phe-577 appear to be a hydrophobic region contributed by hydrophobic residues such as Trp-573 and Tyr-578 in the tobacco AHAS homology model (Figure 2 ). Thus we propose that the hydrophobic features of the herbicides approach the binding site by hydrophobic force. However, the herbicide cannot approach in this way in mutants where a charged amino acid is present at residue 577, because a hydrophobic region is not formed. AHAS mutants in which residue 577 is a negatively charged amino acid could be used to construct herbicide-resistant transgenic plants, since some of the mutations do not reduce catalytic efficiency significantly, but confer strong herbicideresistance.
The replacement of Val-570 by Asn, which has an uncharged polar side chain, caused the enzyme to be totally inactive under various assay conditions (Table 1) . To understand the mechanism of inactivation, the spectroscopic properties of V570N were compared with those of wAHAS. The results showed that mutant V570N did not give any absorption or fluorescence emission peaks corresponding to FAD bound to mutant AHAS, in contrast with wAHAS ( Figure 7 ) [21] . Thus V570N had lost its affinity for FAD, and consequently the mutant was inactive. Although the secondary structure of V570N was similar to that of the wildtype, the tertiary structure was different (Figure 8 ). In the tobacco AHAS homology model, residue Val-570 is not very close to bound FAD (Figure 2 ). Thus it is proposed that the V570N mutant loses its binding affinity for FAD due to a change in the local tertiary structure.
The mutant V570Q is active, but shows a strong resistance to two classes of herbicides, represented by Londax and TP (Table 1, Figure 4 ). The CD spectrum of this mutant overlapped almost completely with that of the wild type in both the far-UV and near-UV spectral regions (Figure 8 ), indicating that structural changes did not occur as a result of the mutation. The conservative mutant V570I showed moderate resistance to the three herbicides; however, its catalytic efficiency was reduced by 30-fold. Thus the results imply that Val-570 is probably located at an herbicidebinding site of AHAS that may partly overlap with the active site.
Almost all mutants of Phe-205, Phe-577 and Val-570 showed strong cross-resistance to the three classes of herbicides investigated. Thus these three residues are probably located at or near a common binding site for the three classes of herbicides. Furthermore, Phe-205 and Val-570 are probably located at a herbicidebinding site that overlaps partly with the active site. According to the X-ray structure of yeast AHAS, the sulphonylurea-binding site is located at the dimer interface, and is in the vicinity of the active site and the flavin ring of FAD [41] . The results obtained in the present study imply that the constructed homology model of tobacco AHAS is quite reliable, and are also consistent with the model of Arabidopsis thaliana AHAS based on the X-ray structure of TPP-containing pyruvate oxidase [14] . Our results also indicate that selected mutants in which Phe-577 was altered could be used to construct herbicide-resistant crops.
